Purinergic homomeric P2X3 and heteromeric P2X2/3 receptors are ligand-gated cation channels activated by ATP. Both receptors are predominantly expressed in nociceptive sensory neurons, and an increase in extracellular ATP concentration under pathological conditions, such as tissue damage or visceral distension, induces channel opening, membrane depolarization, and initiation of pain signaling. Hence, these receptors are considered important therapeutic targets for pain management, and development of selective antagonists is currently progressing. To advance the search for novel analgesics, we have generated a panel of monoclonal antibodies directed against human P2X3 (hP2X3). We have found that these antibodies produce distinct functional effects, depending on the homomeric or heteromeric composition of the target, its kinetic state, and the duration of antibody exposure. The most potent antibody, 12D4, showed an estimated IC 50 of 16 nM on hP2X3 after short term exposure (up to 18 min), binding to the inactivated state of the channel to inhibit activity. By contrast, with the same short term application, 12D4 potentiated the slow inactivating current mediated by the heteromeric hP2X2/3 channel. Extending the duration of exposure to ϳ20 h resulted in a profound inhibition of both homomeric hP2X3 and heteromeric hP2X2/3 receptors, an effect mediated by efficient antibody-induced internalization of the channel from the plasma membrane. The therapeutic potential of mAb12D4 was assessed in the formalin, complete Freund's adjuvant, and visceral pain models. The efficacy of 12D4 in the visceral hypersensitivity model indicates that antibodies against P2X3 may have therapeutic potential in visceral pain indications.
Extracellular ATP and its metabolites bind and activate their cognate cell membrane receptors, namely the P1 and P2 purinergic receptors. In mammalian cells, seven different subunits (P2X1-7) have been found to compose the family of ATP-gated cation channel receptor subtypes, which play important roles in diverse physiological and pathological processes (1, 2) . Each P2X receptor is an oligomer assembled as either a homo-or a heterotrimer (3) . Individual subunits surround a central cation pore, and each is composed of two transmembrane spanning segments (TM1 and TM2) connected by a large extracellular domain (ϳ300 amino acid residues) containing 10 conserved cysteine residues (4) . Two reported crystal structures of the zebrafish P2X4 ion channel, one in its apo-state (5) and the other in complex with ATP (6), fully elucidate the trimeric structure of the channel and the topology of the individual subunits.
Functional P2X receptors are widely expressed in neuronal and non-neuronal cells and tissues of almost all main organs in the body (7) . ATP-gated receptors are implicated in both transient signaling, such as intercellular communications, and long lasting signaling, such as cell growth, differentiation, and proliferation. P2X-mediated neurotransmission and neuromodulation are well established in different regions of the peripheral and central nervous system. ATP signaling is involved in neuron to neuron, neuron to glia, and neuron to muscle cell interactions (8) . There is a growing body of evidence suggesting a crucial role of P2X receptors in the pathophysiology of visceral pain (9) , neuropathic and inflammatory pain (10) , bone cancer pain (11) , and head and neck cancer pain (12) . P2X receptors are increasingly considered as therapeutic targets for the management of pain (13, 14) . In particular, the P2X3 and P2X2/3 subtypes of ATP-gated ion channels are increasingly recognized as playing an important role in nociception due to their predominant expression in sensory neurons (15) (16) (17) .
In the past decade, efforts to develop purinergic drugs mostly involved high throughput screening of small molecule compound libraries (18, 19) . This approach has led to recent development of orally bioavailable selective antagonists of P2X receptors (20 -24) . AF-219, a small molecule antagonist of human P2X3 receptors developed by Afferent Pharmaceuticals has entered clinical studies in osteoarthritic joint pain, bladder pain syndrome/interstitial cystitis, and asthma patients (24) . Furthermore, this molecule has been evaluated in patients with refractory chronic cough in a double-blind, placebo-controlled trial and has shown substantial reductions in daytime cough frequency and also statistically significant improvements in patient-reported outcomes (25) .
We sought to explore the feasibility of targeting P2X3 with antibodies that, due to their remarkable specificity toward their targets and their favorable pharmacokinetics properties (26) , are increasingly utilized as therapeutics for the treatment of * The authors declare that they have no conflicts of interest with the contents of this article. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed: Rinat Laboratories, Pfizer multiple diseases. Although a function modifying monoclonal antibody against the human P2X7 receptor was successfully generated several years ago by cell immunization (27) , obtaining modulatory antibodies against multispanning membrane proteins like ion channels is regarded as particularly challenging. Therefore, to increase the chance of obtaining antibodies that recognize the native P2X3 receptor, we utilized recombinantly expressed P2X3 purified in its native conformation in the presence of detergents as immunogen to raise antibodies by standard hybridoma technology. Using this approach, we generated, to our knowledge for the first time, monoclonal antibodies that potently impact the functional activity of P2X3 and P2X2/3 receptors. We have extensively analyzed the mechanism of action of the mAbs and have tested their therapeutic activity in vivo.
Experimental Procedures
Protein Expression and Purification-hP2X3 3 with an N-terminal FLAG tag was cloned into the pACMV-tetO vector with expression under control of a tetracycline-inducible promoter. Stably transfected HEK293S GnTI cells (28) were generated by selecting for successful integration of the neo gene using the selection agent Geneticin. Stably transfected hP2X3 HEK293S GnTI cells were grown in DMEM (without calcium salts) in a 10-liter wave bag, and hP2X3 expression was induced by the addition of 5 mg/liter sodium pantothenate and 2 mg/liter doxycycline. Cells were harvested by centrifugation ϳ30 h after induction. Cells resuspended in lysis buffer (50 mM phosphate, pH 7.4, 300 mM NaCl, PMSF, Roche protease inhibitors, 10 mM EDTA) were lysed using a microfluidizer. Lysed cells were first spun at low speed (5,000 ϫ g) to remove cellular debris, followed by a high speed centrifugation step (45,000 ϫ g) to isolate membranes. Membranes were homogenized and solubilized for 1 h in 50 mM phosphate, pH 7.4, or Tris, pH 7.0, 150 mM NaCl, 10% glycerol, 1% ␤-dodecylmaltoside, 0.01% cholesterol hemisuccinate, PMSF, and Roche protease inhibitors. Insoluble material was removed by an additional high speed spin (200,000 ϫ g). hP2X3 protein was allowed to bind to FLAG resin (Sigma) for 3 h at 4°C; washed with 50 mM Tris, pH 7.0, 150 mM NaCl, 10% glycerol, 0.1% ␤-dodecylmaltoside, 0.01% cholesterol hemisuccinate (wash buffer); and eluted with 3ϫ FLAG peptide (Sigma). As a final step, hP2X3 was further purified by size exclusion chromatography using a 10/300 Super-dex200 (GE Healthcare) column in wash buffer. Fractions corresponding to the hP2X3 trimer (ϳ150 kDa) were collected and adjusted to a final concentration of 1 mg/ml. Antibody Generation-Mouse monoclonal antibodies were generated by standard hybridoma technology using BALB/c mice immunized with the purified recombinant hP2X3 described above. Gerbu Adjuvant MM#3001 was used following the manufacturer's instructions (Gerbu Biotechnik GmbH, Gaiberg, Germany), and the myeloma cell line P3 ϫ 63Ag8.653 was used as a fusion partner for splenocytes. BALB/c mice were immunized intraperitoneally and subcutaneously on days 0, 6, 14, 22, 28, and 42. On day 49, the mice were given a prefusion boost without the Gerbu adjuvant, and then the splenocytes were fused 4 days later on day 53.
Electrophysiology-P2X-mediated currents were recorded using either an automated patch clamp system QPatch HT, (Sophion, Biolin Scientific, Denmark) or a conventional patch clamp set-up employing an EPC 10 patch clamp amplifier (HEKA Electronik Dr. Schulze GmbH, Lambrecht/Pfalz, Germany).
QPatch Electrophysiology-Both single-hole and 10-hole QPlates with an integrated 250-l waste container (QPlate 48L or 48X) were used, enabling washes and application of multiple concentrations/compounds per well. Compounds were added to the cells with the eight pipettes via the QPlate integrated glass microfluidic pathways. Usually, 5 l of ligand was added for 3 s, followed by washout (six times with 5 l of saline). Test compounds were typically preincubated for 345 s before the addition of agonist. The ligand induced currents were acquired at 5 kHz for 5 s. During whole-cell recording, the membrane potential was held at Ϫ90 mV. The extracellular recording solution contained 137 mM NaCl, 4 mM KCl, 10 mM HEPES, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM sucrose, adjusted to pH 7.4. The intracellular solution contained 130 mM CsF, 10 mM NaCl, 5 mM EGTA, 10 mM HEPES, 4 mM Na 2 ATP, and 0.1 mM Tris-GTP, adjusted to pH 7.2. All QPatch data were analyzed using Sophion's QPatch Assay software. Results are presented as mean Ϯ S.E. Statistical analysis was done in Excel with a two-sample t test assuming equal variances.
Manual Patch Clamp Electrophysiology-Manual whole-cell patch clamp recordings were obtained from both stably transfected cells and primary neurons. Coverslips carrying cells were placed in a recording chamber and were constantly perfused at a rate of 0.5 ml/min with extracellular solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.4, 320 mosmol). Patch electrodes were pulled from borosilicate glass and fire-polished to 3-10megaohm tip resistance. The internal pipette solution (ATPregenerating solution, pH 7.3, 300 mosmol) consisted of 100 mM KCl, 2 mM MgCl 2 , 5 mM MgATP, 0.1 mM GTP, 15.5 mM phosphocreatine, 50 units/ml creatine phosphokinase, 10 mM BAPTA tetrapotassium salt, and 10 mM HEPES. All recordings were made at room temperature (22-24°C) using an EPC 10 patch clamp amplifier (HEKA Electronik Dr. Schulze GmbH). Cells were voltage-clamped at Ϫ90 mV, and control test responses were routinely recorded for a minimum of 10 min to ensure that the amplitude and kinetics of the response were stable. Data acquisition and analysis were performed with Pulse-PulseFit (HEKA Electronik Dr. Schulze GmbH) and Igor-Pro (WaveMetrics, Portland, OR). Agonists were applied to individual cells using a laboratory-built piezoelectrically driven rapid application system.
All reagents were purchased from Sigma unless otherwise noted. All data are expressed as means Ϯ S.E.
Cell Culture-The human glial cell line 1321N1 stably expressing recombinant human or rat P2X3 receptors (Pfizer GR&D, Primary Pharmacology Group, Sandwich, UK) were grown in DMEM (catalog no. 10-01-CM, Mediatech, Manassas, VA), 10% FBS (JR Scientific, Inc., Woodland, CA), 500 g/ml G418 sulfate (Mediatech) in 75-cm 2 Falcon culture flasks in an incubator at 37°C and 6% CO 2 with saturating humidity. For recordings, the cells were dissociated with enzymatic detachment solution Detachin (Genlantis, San Diego, CA) and resuspended in serum-free medium supplemented with 25 mM HEPES and 1% penicillin/streptomycin (Mediatech).
HEK293 cells transiently expressing human P2X2/3 or human P2X4 receptors (EZCells TM TT) were purchased from ChanTest (ChanTest Corp., Cleveland OH). Cryopreserved cells were thawed rapidly and transferred to 75-cm 2 Falcon culture flasks containing growth medium, consisting of DMEM (catalog no. 10-01-CM, Mediatech), 10% FBS (JR Scientific), 1ϫ penicillin/ streptomycin (Mediatech). The cells were kept in an incubator at 37°C and 6% CO 2 with saturating humidity and used for electrophysiological recordings after 2-3 days of culturing.
DRG Primary Cultures-Lumbar DRG (L1-L5) were quickly removed following decapitation of CO 2 anesthetized adult rats. After isolation, ganglia were desheathed and then enzymatically digested in a two-step procedure: 20-min incubation with collagenase A (1 mg/ml; Roche Diagnostics) in Hanks' balanced salt solution at 37°C (catalog no. 14025, Gibco) and 15-min incubation with collagenase D (1 mg/ml; Roche Diagnostics) and papain (30 units/ml; Worthington) in Hanks' balanced salt solution at 37°C with gentle agitation on an orbital shaker. Pooled ganglia were transferred to DRG culturing medium containing DMEM/F-12 (Mediatech), 10% FBS (JR Scientific), 1ϫ penicillin/streptomycin (Mediatech) and were gently triturated with the use of Pasteur pipettes, fire-polished to progressively smaller openings. Dissociated neurons were plated on precoated coverslips (poly-D-lysine/laminin; Corning), flooded with DRG medium, and incubated at 29°C in a humidified 5.5% CO 2 incubator. The cells were used for electrophysiological recordings within 1-2 days in vitro.
Calcium Flux Assay-P2X3/1321N1-expressing cells were seeded at 30,000 cells/well in black wall, clear bottom 96-well plates coated with poly-D-lysine (Costar, Fisher) and grown overnight in a 37°C, 5% CO 2 incubator. The mAbs were diluted in Calcium3 dye at 2ϫ concentration, (Molecular Devices, Sunnyvale, CA) and then added to the cells for a final antibody concentration of 1 M and a final concentration of Calcium3 dye of 1ϫ. The mAbs were incubated with the cells and Cal-cium3 dye for 30 min at 37°C, followed by 15 min at room temperature. Calcium flux was stimulated by the addition of 10 M ␣␤-meATP (Tocris Bioscience, Bristol, UK) and recorded using a FlexStation II 384 platform (Molecular Devices) with the following settings: excitation wavelength ϭ 485 nm, emission wavelength ϭ 538 nm, cut-off ϭ 515 nm, and a 100-s run time measured with 2-s intervals.
FACS-Cells were harvested using Free Cell Dissociation Solution, Hanks-based (Chemicon, EMD Millipore, Temecula, CA), spun down at 1,000 rpm for 5 min at 4°C, and washed once with ice-cold Dulbecco's PBS (Mediatech). The cells were resuspended in ice-cold FACS staining buffer containing Dulbecco's PBS without Ca 2ϩ and Mg 2ϩ (Mediatech), pH 7.4, 1% BSA (Sigma-Aldrich), 10 g/ml goat IgG (Jackson Immunolabs, Westgrove, PA), and the cell density was adjusted to 1 ϫ 10 7 cells/ml. 100 l of cell suspension was added to 5-ml poly-styrene round bottom tubes (Falcon, Fisher). The primary antibodies were added at 10 g/ml, and incubation proceeded on ice for 1 h with occasional gentle mixing of the cell suspension. The samples were washed twice with 4 ml of ice-cold Dulbecco's PBS, and 2 g/ml Alexa 488 goat anti-mouse IgG (HϩL) (Life Technologies, Inc.) diluted in FACS staining buffer was added. After incubation at 4°C for 45 min in the dark, the cells were rinsed as described above. Cells were kept at 4°C throughout the experiment, and buffers without Ca 2ϩ /Mg 2ϩ were used to minimize cell clumping. Finally, the cell pellet was resuspended in ice-cold Dulbecco's PBS, and data were acquired on a FACSARIA sorter (BD Biosciences) and analyzed using FlowJo (FlowJo, Ashland, OR).
Immunocytochemistry on Live Cells-hP2X3/1321N1 cells were grown overnight in a 37°C, 5% CO 2 incubator on poly-Dlysine-coated coverslips (BD Biosciences) in a 12-well plate with DMEM (Mediatech) supplemented with 10% fetal bovine serum (Hyclone, GE Healthcare). Before immunocytochemistry, the medium was aspirated, and cells were washed three times with ice-cold PBS (Mediatech). All of the steps from this point on were done on ice and with ice-cold reagents to minimize channel internalization by endocytosis. Primary antibodies, directly conjugated to Alexa 488 (Alexa Fluor 488 protein labeling kit, A-10235, Thermo Fisher) were added at 10 g/ml in staining buffer (PBS, 0.5% BSA, 5% goat serum (Life Technologies). Incubation proceeded for 40 min; the cells were rinsed as above and then fixed with 4% formaldehyde (Polysciences, Warrington, PA) for 10 min. After a final rinse, the coverslips were mounted on glass slides with mounting medium ProLong Gold anti-Fade ϩ DAPI as nuclear stain (Invitrogen). For the quenching experiment, the cells were incubated with a rabbit polyclonal anti-Alexa 488 (A-11094, Thermo Fisher, Rockford, IL) at 20 g/ml for 30 -45 min after the fixation step. Microscopy was carried out on a Leica laserscanning confocal microscope at room temperature (Leica, Buffalo Grove, IL), and images from z-stacks with 0.5-m optical sections were collected using a ϫ63, 1.4 numerical aperture objective lens. Representative images are shown either as individual z-sections or as maximum projections from an entire z-stack as generated by the Leica LAS AF software.
Immunocytochemistry on Fixed and Permeabilized Cells-hP2X3/1321N1 cells were grown on poly-D-lysine coverslips as described above. Before immunocytochemistry, the medium was aspirated, and cells were fixed with 4% formaldehyde for 10 min at room temperature. Subsequently, cells were washed three times with PBS and then permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) for 2 min at room temperature. After washing as above, the cells were blocked for 1 h at room temperature in blocking buffer (PBS, 0.5% BSA, 5% normal goat serum (Life Technologies). Primary antibodies were added and incubated for 1 h at room temperature and included anti-P2X3 antibodies directly conjugated to Alexa 488 or Alexa 647 (Alexa Fluor 647 protein labeling kit, A-20173, Thermo Fisher) at 5 g/ml and rabbit polyclonal antibodies to detect specific intracellular organelles according to the recommendations of the manufacturer. The following antibodies were used: anti-giantin to detect the Golgi compartment (Abcam, Cambridge, MA), anti-EEA1 to detect early endosomes (Abcam), and anti-ca-thepsin D to detect lysosomes (Calbiochem). The cells were washed as above, and the secondary antibody Cy3-goat antirabbit IgG (HϩL) (1:400) (Jackson Immunolabs) was added and incubated for 1 h at room temperature. The cells were washed and mounted on slides as described above. For overnight mAb incubation experiments, the antibodies were incubated with cells at 1 M. Microscopy was carried out as described above.
In Vivo Testing-All experiments were performed under protocols approved by an institutional animal care and use committee in an AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care)-approved facility. All testing was done by experimenters blind to both treatment and group assignment of individual animals.
2,4,6-Trinitrobenzene Sulfonic Acid (TNBS)-induced Colitis-After overnight fasting, rats were anesthetized with ketamine (80 mg/ml)/xylazine (12 mg/ml) (1 ml/kg). An abdominal laparotomy was performed, and a TNBS solution (50 mg at 1.5 ml/kg, TNBS treatment group) or vehicle (sham group) was injected into the proximal colon (1 cm distal from cecum). The fourth day following surgery, the TNBS treatment group was subdivided into two groups, one receiving 12D4 (30 mg/kg i.v.) and the other receiving control IgG (30 mg/kg i.v.). On the seventh day following surgery, after a second overnight fast, TNBS-treated rats were tested for visceral pain threshold with balloon distension. A 5-cm latex balloon attached to a catheter was inserted into the distal colon with the base of the balloon 5 cm from the anus. The catheter was fixed to the tail with tape to prevent balloon movement. After a 30-min acclimation period, the balloon was inflated sequentially from 5 mm Hg to 80 mm Hg in 30-s intervals. Balloon distension was halted at the threshold pressure required to elicit a stereotypical rodent visceral pain posture known as the alpha position, repeated waves of contraction of oblique musculature with inward turning of the hind paw (29) , and this was recorded as the visceral pain threshold. Animals were euthanized after the balloon distension test.
0.5% Formalin Test-Three days before testing, female rats received either PBS (vehicle) or 12D4 (30 mg/kg subcutaneously). Rats were routinely handled for 2 days before testing. On the day of testing, rats were habituated to clear, plexiglass arenas for at least 30 min. 50 l of 0.5% formalin was injected into the plantar surface of the left hind paw. Painlike behavior (persistent flinching) of the injected paw was manually recorded (number of flinches per 5-min interval) for 60 min.
Complete Freund's Adjuvant (CFA) Model of Inflammatory Pain-Three days before CFA injection, animals were tested for baseline withdrawal latency to a noxious thermal stimulus and then received treatment (control IgG or 12D4 (30 mg/kg subcutaneously)). Baseline and post-treatment withdrawal latencies to a noxious thermal stimulus were measured using the radiant heat test (30) using a plantar test apparatus (IITC (Woodland Hills, CA), model 390). The stimulus intensity was set such that the preinjury withdrawal latencies were 15-18 s. The cut-off time was set at 30 s. Rats were placed on a glass platform warmed to 30 Ϯ 2°C and allowed to habituate to the testing chambers for a minimum of 15 min before each test session. The thermal stimulus was applied to the plantar surface of the paw, and three readings per rat per paw were taken at each test session. Thermal thresholds are defined as the latency in seconds to the first pain behavior, which includes nocifensive paw withdrawal, flinching, and biting and/or licking of the stimulated paw. Three readings for each paw per animal were averaged at each individual time point, the mean and S.E. were determined for the injured and normal paws for each treatment group. Withdrawal latencies to noxious thermal stimulus were tested before treatment, before CFA injection, and 48 h after CFA injection.
Results
Antibody Generation and Initial Screening-The full-length human P2X3 molecule was expressed recombinantly in mammalian cells (HEK293) and purified by affinity and size exclusion chromatography. The purification was performed in the presence of a mild detergent (␤-dodecylmaltoside) to help preserve the native oligomeric state of the channel. The same detergent was previously utilized to solubilize and purify the P2X4 channel for crystallographic studies (31) . This antigen was then used to immunize mice and obtain mAbs by standard hybridoma technology. Initial screening of mAbs was conducted by FACS on a cell line engineered to stably and functionally express human P2X3 on the background of the astrocytoma cell line 1321N1, hP2X3/1321N1 (32) . FACS on live cells comparing the signal obtained on P2X3/1321N1 with the signal obtained on the parental cells (1321N1) identified a panel of antibodies able to specifically bind P2X3 in a native plasma membrane environment (data not shown). The ability of these mAbs to specifically bind the native conformation of the channel was confirmed by immunocytochemistry, as exemplified for mAb 12D4. Whereas 12D4 specifically binds the channel and stains the plasma membrane of hP2X3/1321N1 cells when incubated with live cells (Fig. 1 , A-C), the antibody detects intracellular P2X3 after cell fixation and permeabilization in a specific distribution pattern. P2X3 appears to be localized in a set of intracellular organelles with a distinct punctate pattern that overlaps only minimally with the Golgi complex ( Fig. 1D ) and partially with early endosomes (Fig. 1E) .
We then used a Ca 2ϩ flux assay with the hP2X3/1321N1 cell line to test the ability of these mAbs to modify the activity of the channel, making use of its ATP-activated inward conductance of calcium ions. Cells seeded in 96-well plates were incubated with antibodies at 1 M, and a calcium sensitive fluorescent dye for 45 min before calcium flux was stimulated with the addition of 10 M ␣␤-meATP. Several antibodies decreased the Ca 2ϩ influx to various extents (data not shown) and were therefore taken into a more extensive electrophysiological characterization employing the whole-cell voltage clamp technique.
Anti-hP2X3 mAbs "Acutely" Inhibit the Activity of Recombinant Homomeric hP2X3 Receptors-hP2X3/1321 cells were used to assess antibody inhibition of 3 M ␣␤-meATP-evoked inward currents (Fig. 2) . In whole-cell electrophysiological recordings performed on an automated patch clamp system (QPatch), we found a variable degree of hP2X3 receptor function inhibition by the antibodies tested with the short term (up to 18 min) agonist application protocol ( Fig. 2A) . Among the 11 mAbs tested, we identified 12D4 as the most potent inhibitor. 12D4 inhibition of ␣␤-meATP-evoked inward currents was concentration-dependent with an estimated potency (IC 50 ) of 16 nM ( Fig. 2B ) and showed no detectable effects on activation or inactivation kinetic parameters of hP2X3-mediated currents (Fig. 2C) .
12D4 Inhibits hP2X3 Receptor-mediated Currents in a Statedependent Manner-Examination of the time course of mAb 12D4 inhibition of ␣␤-meATP-evoked hP2X3-mediated inward currents revealed that when antibody treatment starts several minutes after the control agonist application, the first post-drug agonist-induced response amplitude was always similar to predrug control or was only slightly inhibited. However, the second and subsequent agonist-induced currents were consistently reduced (Fig. 3A ). This finding suggests that 12D4 may be acting upon a specific conformational state of hP2X3 receptor. The functional activity of P2X3 receptor in the presence of agonist alone can be described as cycling through three distinct conformational states: resting, activated, and desensitized. Agonist binding triggers the transient opening of P2X3 receptor, which manifests itself as fast inward current followed by quick receptor inactivation and desensitization. In contrast, recovery from desensitization is a relatively slow process; we found that it takes up to 3 min of washout time to gradually restore full agonist response (data not shown). A possible explanation for the phenomenon observed in the presence of 12D4, as represented in Fig. 3A , is that the antibody preferentially binds to the receptor in its desensitized state. In order to test this hypothesis, we modified the protocol by shortening the time interval between agonist (␣␤-meATP) and antagonist (12D4) applications. In this experiment, 12D4 was applied 20 s after the end of the control agonist pulse. Representative recordings that illustrate the results of the experiment are shown in Fig. 3B . In this experimental configuration, the majority of the hP2X3 receptors were in a desensitized state when exposed to 12D4, and the subsequent agonist response was almost maximally inhibited. These results indicate that 12D4 binds to the desensitized conformation of the hP2X3 receptor, possibly locking the receptor in a desensitized state, preventing the normal transition to a resting state.
12D4 Acutely Potentiates the Activity of Recombinant Heteromeric hP2X2/3 Receptors-Like homomeric P2X3 receptors, heteromeric P2X2/3 subtypes are also primarily expressed in nociceptive neurons and play a major role in pain sensation (33) . In contrast to P2X3 receptor fast desensitization, P2X2/3mediated responses display a very slow rate of desensitization (17, 34, 35) . We asked whether an hP2X3 antibody would impact the functional activity of heteromeric hP2X2/3 receptors. The 12D4 effects were tested using the automated patch clamp system QPatch with a short term mAb application protocol on human embryonic kidney (HEK 293) cells transiently transfected to express simultaneously both human P2X2 and P2X3 to generate the heterotrimeric hP2X2/3 receptors. In these cells, 12D4 treatments produced a robust potentiation of the slowly desensitizing hP2X2/3-mediated inward currents ( Fig. 4A) . A varying degree of potentiation was observed for only three other mAbs among the 11 mAbs tested (8F4, 24B3, and 8D4) (Fig. 4B ). The rest of the antibodies induced robust inhibition of the heterotrimeric hP2X2/3 receptor function, with the exception of 9D2 that had no effect upon treatment.
Duration of Exposure to Cells Reveals Two Different Mechanisms of Action of mAbs on hP2X3 and P2X2/3 Receptors-After having examined the modulatory activity of anti-P2X3 mAbs upon short incubation with the cells, we sought to investigate the effect of exposing the cells to the mAbs for several hours (long term treatment). The functional activity of hP2X3 and hP2X2/3 receptors was examined following 20 h of mAb treatment and was compared with the outcome of the 18-min short term treatment. Fig. 5, A and B , shows the effect of 12D4 and 20G6 on ␣␤-meATP-evoked responses mediated by recombinant hP2X3 receptors after short term ( Fig. 5A ) or long term (Fig. 5B) treatments. 20 h of treatment with 12D4 induced a significant additional increase in current inhibition compared with the 18-min short term treatment procedure. 20G6 after short term treatment demonstrated a lack of effect at the concentrations tested (up to 3 M). In contrast, 20 h of incubation with 20G6 produced a considerable inhibitory effect at 0.3 M comparable with the effect of 12D4 (Fig. 5B ).
Furthermore, we found that long term treatment with 12D4 produced a significant inhibition of ␣␤-meATP-evoked responses mediated by recombinant hP2X2/3 receptors ( Fig.  5D ), in striking contrast to the potentiating effect observed with the short term treatment as shown in Fig. 5C . This appeared to be a 12D4-specific effect (i.e. epitope-dependent), since 8F4, which also significantly potentiated the hP2X2/3 receptor-mediated inward currents upon short term treatment (Fig. 5C ), did not show appreciable effects on the ␣␤-meATP-evoked current amplitude following the long term treatment (Fig. 5D ). Finally, mAbs such as 10H7 produced consistent robust inhibition of hP2X2/3-mediated currents upon both short and long term treatments.
Collectively, these results suggest that the different antibodies characterized in this study have the ability to modulate the function of P2X receptors in a number of different ways. Inhibition or potentiation of ATP-induced currents is dependent on the homomeric or heteromeric form of the channel and on the duration of its exposure to the antibodies. 12D4, our lead candidate based on its superior blocking activity on both human P2X3 and P2X2/3 upon long term treatment, exemplifies what appears to be two different mechanisms of action, one revealed by a short incubation with the antibody on the order of minutes (short term time course mechanism) and one revealed by a longer incubation on the order of hours (long term time course mechanism). The short term time course mechanism could be explained by antibody binding to the receptor and its direct effect on receptor function, such as blocking conformational changes and ATP binding. For the long term time course mechanism of either greater inhibition by 12D4 or inhibition by mAbs like 20G6, which has no blocking activity upon short incubation with the receptor, we hypothesized that antibodyinduced receptor internalization could be involved (36) .
Antibody-mediated Internalization as Inhibitory Mechanism of Action-To investigate the possibility that prolonged (20-h) incubation of antibodies with cells results in antibody-mediated internalization of the channel and therefore in an effective and robust reduction of ATP-stimulated P2X3 currents, we carried out a series of imaging studies using confocal microscopy.
In a first experiment, we incubated 12D4 conjugated to Alexa 488 (12D4-A488) with hP2X3/1321N1 cells on ice for 30 min to allow for antibody binding to the channel on the plasma membrane of cells while minimizing endocytosis. After washing off excess 12D4-A488, the cells were returned to 37°C to allow endocytosis to occur (Fig. 6, A-E) . At selected time points, the cells were fixed but not permeabilized, and an anti-Alexa 488 antibody was added to quench the fluorescent signal originating from 12D4-A488 bound to hP2X3 on the plasma membrane; the signal from internalized 12D4-A488 would remain unquenched. The time course clearly indicates that as soon as 15 min and more strongly by 45 min after returning to 37°C, the cells were internalizing 12D4-A488, bound to hP2X3. No inter-nalization occurred if 12D4-A488 was incubated with the 1321N1 cells that do not express the channel (Fig. 6, F-J) . Internalized 12D4-A488 accumulated over time in a distinct punctate intracellular compartment. In a complementary experiment, we monitored the disappearance of 12D4 from the plasma membrane of hP2X3/1321N1 cells (Fig. 6, K-O) . Cells were incubated with unlabeled 12D4 for 30 min on ice, rinsed, and then returned to 37°C as above. At selected time points, the cells were fixed but not permeabilized, and a secondary fluorescently labeled anti-mouse antibody was added to detect only the 12D4 antibody bound to hP2X3 still on the plasma membrane of the cells. The time course of this experiment showed a strong reduction of plasma membrane staining between the 15-and 45-min time points with even less 12D4 detected by 2 h. These data combined demonstrate that 12D4 internalized and disappeared from the plasma membrane of hP2X3/1321N1 cells with similar kinetics. Although the fact that this did not happen in cells that do not express the channel strongly suggests that the internalization process is dependent on the presence of hP2X3, the data do not formally prove that the antibody actually drives internalization of the channel. To gain more definitive evidence that 12D4 drives internalization of hP2X3 after binding to the channel on the plasma membrane of expressing cells, we sought to directly detect the presence, if any, of hP2X3 on the plasma membrane of cells after incubation with 12D4 for 20 h (Fig. 7 ). 10H7 and 20G6 do not compete with 12D4 for binding to hP2X3 because the staining with one as a directly fluorescently labeled antibody is not significantly affected by the presence of a 10-fold excess of the other as non-labeled antibody (data not shown). When these antibodies were directly labeled with Alexa 488 (10H7-A488 and 20G6-A488, respectively), they detected hP2X3 on the plasma membrane of hP2X3/1321N1 cells (Fig. 7, A and B,  respectively) . Cells were incubated for 20 h with 1 M 12D4 and then fixed but not permeabilized, and 10H7-A488 and 20G6-A488 were added to ascertain the presence of hP2X3 on the plasma membrane of cells. Both antibodies failed to detect any significant amount of channel on the cell surface, demonstrating that overnight incubation with 12D4 efficiently drove its internalization from the plasma membrane (Fig. 7 , C and D, respectively). To further strengthen this conclusion, the addition of a fluorescently labeled anti-mouse antibody to fixed but not permeabilized cells failed to produce any significant cell surface staining, as one would have expected if there had been any 12D4 left bound to hP2X3 still on the plasma membrane after the overnight incubation (Fig. 7E) . In contrast, if the cells were fixed and permeabilized, allowing for intracellular access of the secondary reagent, the fluorescently labeled anti-mouse antibody detected internalized 12D4 with its characteristic intracellular punctate pattern (Fig. 7F) .
This strongly suggests that the long term time course mechanism of action of 12D4 is driven by antibody-mediated channel internalization. Next we sought to determine whether 20G6, an antibody demonstrating no activity upon short term treatment but strong inhibitory activity after long term treatment ( Fig. 5 ), also mediated channel internalization. We repeated the internalization experiment detailed above by first FIGURE 4. 12D4 short term treatment potentiates ␣␤-meATP-evoked currents mediated by the recombinant heteromeric hP2X2/3 receptor. A, representative current traces displaying the time course of changes in peak amplitude of hP2X2/3-mediated current during 12D4 treatment. Two control agonist applications were followed by 12D4 treatment, resulting in significant potentiation of hP2X2/3-mediated currents (n ϭ 3). B, bar graph representing the effects of 12 mAbs on hP2X2/3-mediated currents. The data are presented as the normalized current calculated as the ratio I/I control , where I control is the amplitude of ␣␤-meATP-evoked inward currents before the antibody application, and I is the current amplitude at the 18-min Ab application time point (n ϭ 3-5). *, p Ͻ 0.05; **, p Ͻ 0.01. Error bars, S.E. incubating hP2X3/1321N1 cells with 1 M 20G6 overnight. Cells were then fixed but not permeabilized, and 12D4-A488 and 10H7-A488, both of which do not compete with 20G6 for binding to hP2X3 (data not shown), were used to detect the presence of hP2X3 on the cell surface of the treated cells. Both 12D4-A488 and 10H7-A488 bound to hP2X3 on the surface of cells not incubated with 20G6 (Fig. 8, A and B , respectively) but failed to detect significant amounts of the channel on the surface of cells exposed to 20G6 for 20 h (Fig. 8, C and D, respectively). This finding demonstrates that although 20G6 has virtually no acute effect on the activity of hP2X3, its long term incubation with cells can result in a strong inhibition of the ATP-stimulated P2X3 response through efficient removal of the channel from the plasma membrane.
Next we sought to gain additional understanding of the fate of 12D4 and hP2X3 after internalization. To this end, we ran time course experiments of 12D4-A488 internalization in hP2X3/1321N1 cells in conjunction with double labeling with intracellular markers of the endocytic and secretory pathways. hP2X3/1321N1 cells were incubated with 12D4-A488 on ice for 30 min, excess antibody was washed off, and the cells were returned to the 37°C incubator to initiate the internalization process. At 0.5, 2, 6, and 24 h, the cells were fixed and permeabilized, and antibodies specific for the early endosomal com-
FIGURE 5. Long term treatment causes effective inhibition of hP2X3-mediated currents by mAbs with opposite acute effects (A and B) and reverses the potentiating effect of 12D4 on hP2X2/3-mediated current to robust inhibition (C and D).
A, bar graph representing inhibitory effects of 12D4 and 20G6 on hP2X3-mediated currents after short term treatment. The data are presented as the normalized current calculated as the ratio I/I control , where I control is the amplitude of ␣␤-meATP-evoked inward currents before the agonist application, and I is the current amplitude at the 18-min agonist application time point (n ϭ 4 -8). *, p Ͻ 0.05; **, p Ͻ 0.01. B, bar graph representing inhibitory effects of 12D4 and 20G6 on hP2X3-mediated currents after long term treatment. The data are presented as the normalized current density calculated as the ratio I/I control , where I control is averaged current density in cells treated overnight with nonspecific antibody, and I is averaged current density in cells treated overnight with 12D4 and 20G6 (n ϭ 6 -10). *, p Ͻ 0.05; **, p Ͻ 0.01. C, bar graph representing potentiating effects of 12D4 and 8F4 and inhibiting effect of mAb 10H7 on hP2X2/3-mediated currents after short term treatment. The data are presented as the normalized current calculated as the ratio I/I control , where I control is the amplitude of ␣␤-meATP-evoked inward currents before the Ab application, and I is the current amplitude at the 18-min application time point (n ϭ 3-4). *, p Ͻ 0.05; **, p Ͻ 0.01. D, bar graph representing significant inhibitory effects of 12D4, 10H7, and loss of potentiating effect of 8F4 after long term treatment. The data are presented as the normalized current density calculated as the ratio I/I control , where I control is averaged current density in cells treated overnight with nonspecific antibody, and I is averaged current density in cells treated overnight with 12D4, 8F4, and 10H7 (n ϭ 10 -11). *, p Ͻ 0.05; **, p Ͻ 0.01. Error bars, S.E. partment (EEA1), the lysosomal compartment (cathepsin D), and the Golgi compartment (giantin) were added, followed by an appropriate fluorescently labeled secondary antibody for their detection. Confocal imaging was carried out to determine the relative distribution of internalized 12D4-A488 and its level of co-localization, if any, with the early endosomes, lysosomes, and Golgi complex. Internalized 12D4 partially co-localized with early endosomes from as early as 30 min all the way to 24 h ( Fig. 9 , A-C and D-F for the 2-and 24-h time points, respectively; 30 min and 6 h data not shown). Although the overlap is significant, there were clearly organelles that were labeled with 12D4-A488 but did not express the early endosomal marker EEA1, and vice versa. Interestingly, the time course of double labeling with the lysosomal marker cathepsin D showed that there is no early co-localization between internalized 12D4 and the lysosomes, but significant overlap was detected at 24 h ( Fig.  9 , G-I and J-L for the 2-and 24-h time points, respectively; 30 min and 6 h data not shown). Internalized 12D4-A488 never co-localized with giantin, indicating that there is not an apparent overlap between the early secretory pathway and the P2X3 internalization pathway (Fig. 9 , M-O and P-R for the 2-and 24-h time points, respectively; 30 min and 6 h data not shown). In a final double labeling experiment, we compared the distribution of 12D4-A488 after 2 h of internalization with the distribution of the entire pool of hP2X3 in hP2X3/1321N1 cells using 10H7 conjugated to Alexa 647 (10H7-A647) after cell fixation and permeabilization. Because 10H7-A647 does not compete with 12D4 for binding to hP2X3, it was expected to label both the pool of hP2X3 that had been internalized from the plasma membrane and was probably still bound to 12D4 and the steady-state intracellular pool of hP2X3 (Fig. 10) . The data showed significant intracellular punctate co-localization of the 12D4-A488-generated fluorescent signal with the signal for total hP2X3 produced by 10H7-A647 binding, indicating that 12D4 does indeed travel together with hP2X3 from the plasma membrane or that at the very least internalized 12D4-A488 ends up in a compartment populated with hP2X3.
A thorough understanding of the mechanism of action of the investigational antibodies has obvious important implications for designing appropriate preclinical animal studies and interpretation of results. Likewise, ex vivo evaluation of the antibodies' affinity and potency on primary cells or on exogenously expressed targets from animal species of choice is usually the prerequisite for subsequent preclinical in vivo studies. Therefore, we next examined the effects of 12D4 on rodent P2X3 and P2X2/3 receptors.
Anti-hP2X3 mAbs Dose-dependently Inhibit Recombinant Rat P2X3 Receptors and Native Rodent P2X3-mediated Currents-Antibody cross-reactivity between species is often beneficial because it allows the use of the clinical lead Ab in preclinical animal models. There is a high degree of amino acid sequence homology between human and rat P2X3 receptors JUNE 3, 2016 • VOLUME 291 • NUMBER 23 (93% identity) (37) , which makes it plausible to expect functional activity of anti-hP2X3 Abs against the rat P2X3 receptor. To test this possibility, a human glial cell line 1321N1 stably expressing recombinant rat P2X3 receptors was used. The panel of 11 anti-hP2X3 mAbs evaluated previously on human P2X3 receptors ( Fig. 2A ) was found to be appreciably less potent in blocking rat P2X3-mediated currents (Fig. 11A) . The inhibitory effect of 12D4, in particular, was significantly weaker on recombinant rat P2X3 receptors, producing only ϳ60% current block at 3 M, the highest concentration tested (Fig. 11B) , with no effect on activation and desensitization kinetics of the rat P2X3-mediated currents (data not shown). However, in overnight incubation experiments on recombinant rat P2X3 receptors, 12D4 appeared to be more potent, inducing ϳ60% current block at 100 nM and ϳ70% current block at 200 nM (Fig. 11C) .
P2X3 and P2X2/3 Modulation by Antibodies
Manual patch clamp recording from cultured rat dorsal root ganglion neurons was employed to confirm the functional effect of 12D4 on native rodent P2X receptors. It is well established that these sensory neurons endogenously express a diverse population of P2X receptors (38, 39) . For the P2X3 subtype in particular, it has been shown that corresponding mRNA is abundantly and selectively localized in sensory neurons, including those of dorsal root (DRG) and trigeminal and nodose ganglia (15) (16) (17) . The P2X3 receptor's current has distinctive fast activation kinetics, and it desensitizes rapidly in the continued presence of agonist (17, 40) . P2X1 receptors also display a similar kinetic profile; therefore, one should be careful not to assume that ATP-induced currents with the fast kinetic profile in DRG neurons are mediated exclusively by P2X3 receptors (41) . However, a considerable body of data indicates that the P2X1 expression is lowest among other P2X receptors in sensory neurons (7, 42) , which would indicate that the P2X3 receptors predominantly mediate ATP-induced fast inactivating currents in rat DRG neurons.
In our electrophysiological experiments on cultured adult rat small diameter DRG neurons, ␣␤-meATP-evoked inward currents with the kinetic profile of a P2X3-mediated response were detected in ϳ80% of tested cells. These putative P2X3-mediated currents were potently inhibited by 12D4 in a concentration-dependent manner, displaying 58.8 Ϯ 6.6% (n ϭ 4) current block at 150 nM (Fig. 12, A and C) , 61 Ϯ 3.2% (n ϭ 8) current block at 300 nM (data not shown), and 71% current block at 480 nM (n ϭ 1) (Fig. 12, B and D) . The inhibitory effect of 12D4 was almost irreversible because only an insignificant amount of current amplitude recovered during the 20-min wash-out phase (Fig. 12, A-D) . Analysis of the time course of 12D4 inhibition of ␣␤-meATP-evoked inward currents in rat DRG neurons confirmed the previous findings that the antibody binds to the inactivated state of the P2X3 channel (Fig. 12, A and B) .
12D4 Potentiates Native Rat P2X2/3 Receptor-mediated Currents-In our experiments on adult rat DRG small diameter neurons, ϳ15% of ␣␤-meATP-evoked inward currents displayed a mixed fast and slow time course of desensitization or a pure slow desensitization kinetic. This slow kinetic of current desensitization is a distinct hallmark of heterotrimeric P2X2/3-mediated responses (17, 33, 34) . Similar to the observed potentiating effect of 12D4 on recombinantly expressed human P2X2/3 receptors in 1321N1 cells, 12D4 treatments produced a robust potentiation of the slowly desensitizing ␣␤-meATPevoked inward currents in rat DRG neurons (Fig. 12, E and F) . In a total of four different cells displaying slow desensitizing ␣␤-meATP-evoked currents, we observed a 227 and 228% current amplitude increase at 150 nM 12D4 (Fig. 12, E and F) , 205% current amplitude increase at 230 nM 12D4 (data not shown), and 380% current amplitude increase at 330 nM 12D4 (data not shown). The potentiating effect of 12D4 was fully reversible upon antibody wash-out (i.e. the P2X2/3-mediated current returned to the pretreatment amplitude in about 15 min) (Fig.  12, E and F) . It can be noticed in Fig. 12E that the agonistinduced control current before 12D4 application clearly combines the fast and the slow inactivating component. Upon 12D4 application and after wash-out, the fast inactivating component is abrogated, consistent with the irreversible inhibitory effect of 12D4 on the fast inactivating P2X3-mediated current.
Taken together, these in vitro data demonstrate that 12D4 blocks the activity of recombinant and native rat P2X3 receptors upon short term treatment, albeit with reduced potency compared with the activity on human P2X3. Most importantly, long term treatment with 12D4 produces a strong blocking effect on rat P2X3, allowing for its meaningful testing in animal models of pain conditions.
In Vivo Effects of 12D4 -To establish the in vivo relevance and therefore therapeutic potential of P2X3 function-blocking antibodies, we examined the effects of 12D4 in rodent models of visceral pain, inflammatory pain, and formalin-induced pain.
12D4 Reverses Visceral Pain-To test for effects involving visceral pain, a TNBS-induced visceral hypersensitivity rat model was used. In this model, 7 days postsurgery, rats treated with IgG control (30 mg/kg) 3 days before colonic balloon distension exhibited a 37% reduction (24.2 Ϯ 2.6 mm Hg, p Ͻ 0.05 compared with sham; Fig. 13A ) in threshold tolerance compared with untreated sham surgery rats (100%, 38.2 Ϯ 4.6 mm Hg). Rats treated with 12D4 (30 mg/kg) 3 days before balloon distension exhibited a 63% recovery of threshold (33.0 Ϯ 2.2 mm Hg, p Ͻ 0.05 compared with IgG control; Fig. 13A ).
12D4 Shows No Effect on Inflammatory Pain-To investigate whether 12D4 had any effect on inflammatory pain, we tested paw withdrawal latency in response to radiant heat in a CFAinduced model of inflammatory pain in the rat. Subcutaneous administration of IgG control or 12D4 3 days before CFA-induced inflammation did not significantly affect the thermal response latencies tested either before or 48 h after CFA-induced inflammation (Fig. 13B) .
12D4 Shows No Effect in Formalin Test-We used a 0.5% intraplantar formalin injection to test for effects of 12D4. Three days before formalin injection, rats were injected subcutaneously with either vehicle (PBS) or 12D4 (30 mg/kg). No difference was seen in the number of flinches observed between the treatment groups during the 60 min of observation (Fig. 13, C and D) .
Discussion
Effective management of chronic pain conditions continues to represent an unmet medical need, and there is a need for additional efficacious analgesics with better safety profiles. The purinergic ATP-gated ion channels P2X3 and P2X2/3 are involved in nociceptive signaling, and their therapeutic target-ing with small molecule antagonists has shown promise in the clinic. We chose to investigate antibodies as an alternative to small molecules targeting P2X3 and P2X2/3. Therapeutic anti- FIGURE 10 . Internalized 12D4 accumulates in organelles that also contain hP2X3. A and B, internalized mAb 12D4-Alexa 488 (green, A) accumulates in organelles that also harbor hP2X3 as detected by 10H7- Alexa 647 (red, B) . C, the overlay shows significant areas of overlap in yellow. Nuclei are labeled blue. Confocal images show single z-sections. Scale bar, 10 m. bodies, as an alternative to small molecule-based drugs, are increasingly utilized for the treatment of diseases, due to their remarkable specificity toward their targets and their favorable pharmacokinetics properties (26) .
Here we describe a panel of anti-humanP2X3 antibodies that modulates the function of homomeric P2X3 receptors and heteromeric P2X2/3 receptors in a number of distinct ways, depending on the duration of antibody exposure to the channels. Differences in binding affinity and, perhaps more importantly, in binding epitope are probably at the base of the different effects that these antibodies have on the activity of these channels. First, using whole-cell patch clamp recording, we have revealed an acute effect of the antibodies by demonstrating a quick onset upon application. Second, whereas all of the antibodies tested displayed various degrees of inhibition on the homomeric hP2X3 channel ( Fig. 2A) , some mediated inhibition, and some, unexpectedly, mediated potentiation of the heteromeric P2X2/3 activity (Fig. 4B) . Specifically, mAb 12D4 potently inhibited the activity of P2X3 channels yet significantly potentiated P2X2/3 receptor-mediated currents. The endogenous steroid dehydroepiandrosterone (43, 44) and the inflammatory mediators substance P and bradykinin can FIGURE 12. 12D4 inhibits ␣␤-meATP-evoked rapidly desensitizing currents and potentiates ␣␤-meATP-evoked slowly desensitizing currents in adult rat small diameter DRG neurons. A and B, representative current traces displaying the time course of the changes in the peak amplitude of ␣␤-meATP-evoked rapidly desensitizing currents recorded from rat small diameter DRG neurons during treatment with 150 nM (n ϭ 4) and 480 nM (n ϭ 1) 12D4, respectively. The time of the compound application is indicated by the solid line over the current traces. C and D, the entire time course of the changes in the peak amplitude of ␣␤-meATP-evoked currents in rat small diameter DRG neurons from the recordings partially presented in A and B, respectively. Data are presented as normalized peak current amplitude versus time (minutes). The time of the compound application is indicated by a solid line. E, representative current traces displaying the time course of the changes in the amplitude of ␣␤-meATP-evoked slowly desensitizing current recorded from a rat small diameter DRG neuron during 150 nM 12D4 treatment. The time of the compound application is indicated by a solid line over the current traces (n ϭ 2). F, the entire time course of the changes in the amplitude of ␣␤-meATP-evoked slowly desensitizing current in rat small diameter DRG neuron from the recording partially presented in E. Data are presented as normalized area under the curve (AUC) versus time (minutes). The time of the compound application is indicated by a solid line.
P2X3 and P2X2/3 Modulation by Antibodies
induce a similar fast potentiation of P2X2/3-mediated currents by induction of a remarkable decrease of the desensitization rate (45) . In contrast, we found that 12D4-induced potentiation of the P2X2/3 current occurred without an apparent decrease in the desensitization rate (Fig. 4A ). This suggests a different mechanism underlying the 12D4-mediated potentiation of the P2X2/3 channel. Third, our findings indicate that the acute inhibitory effect of 12D4 on hP2X3 currents occurs when the antibody binds to the desensitized P2X3 receptors (Fig. 3) . Interestingly, a similar state-dependent inhibitory effect on P2X3 currents has been reported for purotoxin-1, a peptide from spider venom (46) . Previous published P2X3 studies have postulated the existence of a high affinity desensitized state of the receptor (47) . The slow rate of agonist release from the high affinity desensitized state essentially locks the receptor in the desensitized state (47) . We hypothesize that 12D4 can similarly stabilize the desensitized state of the P2X3 receptor. Further studies on the receptor epitope for the antibody will be required to elucidate this.
Finally, and more importantly in light of a possible therapeutic application of these antibodies, we found that prolonging antibody exposure for hours invariably resulted in a greater inhibitory effect on homomeric hP2X3 channels for all of the antibodies and even robust reversal of the potentiating effect on P2X2/3 receptors (Fig. 5) .
In a series of imaging experiments, we showed that both antibodies with prominent acute inhibitory activity, such as 12D4, and antibodies with minimal effect upon short exposure to the channel, such as 20G6, drove rapid and efficient internalization of hP2X3 from the plasma membrane of expressing cells (Figs. 6 -8) . Co-localization of internalized 12D4 with markers of intracellular organelles demonstrated trafficking to early endosomes first and to lysosomes later, suggesting a mechanism of antibody-mediated internalization and lysosomal targeting for degradation ( Figs. 9 and 10) . The functional activity of members of the P2X receptor family is modulated by their trafficking properties and by their subcellular distribution. The dynamics of cellular trafficking and targeting differs among the P2X receptors and is dependent on interactions with ligands, regulatory molecules, and lipids (48) . P2X3 undergoes rapid constitutive internalization and is predominantly localized to late endosomes and lysosomes with a minor population present at the plasma membrane (49) . ATP stimulation induces an increase in channel density at the plasma membrane of primary sensory neurons in a process driven by CaMKII␣ and caveolin-1 (49, 50) . Similarly, it has been shown that exposure of trigeminal sensory neurons to CGRP results in increased trafficking of P2X3 to the cell surface (51) . Overall, our data fit well with the reported subcellular distribution of P2X3 and its trafficking dynamics. We suggest that antibody binding to the FIGURE 13 . In vivo effects of 12D4. A, 12D4 is efficacious in a TNBS-induced colitis model. Seven days after colonic TNBS exposure, rats were tested for a threshold pain response to colonic balloon distension and compared with thresholds of sham-operated rats (38.2 Ϯ 4.6 mm Hg, n ϭ 5). Rats treated with control IgG (30 mg/kg) 3 days before balloon distension exhibited a 37% reduction in threshold (24.2 Ϯ 2.6 mm Hg, p Ͻ 0.05, n ϭ 15, compared with sham). Rats treated with 12D4 (30 mg/kg) 3 days before balloon distension exhibited a 63% recovery of threshold (33.0 Ϯ 2.2 mm Hg, p Ͻ 0.05, n ϭ 19, compared with IgG control). One-way analysis of variance with Dunnett's multiple comparisons test was used. B, 12D4 shows no effect on inflammatory pain in a CFA model. Three days before CFA injection, animals were tested for baseline withdrawal latency to a noxious thermal stimulus (0 h) and then received treatment (control IgG or 12D4 (30 mg/kg subcutaneously)). Withdrawal latencies to noxious thermal stimulus were again tested (72 h) before CFA injection and 48 h after CFA injection (120 h). Withdrawal latency was reduced post-CFA injection. No difference was seen between treatment groups (n ϭ 10/group). C and D, 12D4 shows no effect in a 0.5% formalin model. Three days before testing, female rats received either PBS (vehicle) or 12D4 (30 mg/kg subcutaneously). On the day of testing 50 l of 0.5% formalin was injected into the plantar surface of the left hind paw. Painlike behavior (persistent flinching) of the injected paw was manually recorded (number of flinches/5-min interval) for 60 min (C). No difference was seen between treatment groups in total number of flinches recorded from 10 to 60 min (D). n ϭ 8 (PBS), and n ϭ 7 (12D4). *, p Ͻ 0.05. Error bars, S.E. channel on the cell surface promotes efficient internalization and lysosomal targeting by using intracellular trafficking pathways that partially overlap with those used by the cells to modulate receptor activity.
We next sought to test these antibodies and 12D4 in particular in rodent animal models of pain. Therefore, we first determined their activity on exogenously expressed rat P2X3 receptors and on native purinergic receptors in rat DRG neurons. We found that despite the fact that the activity of 12D4 on rat P2X3 is significantly lower with the short term treatment (Figs. 11 (A  and B) and 12 (A-D)) compared with human P2X3 receptors ( Fig. 2A) , its activity with the long term treatment revealed greater cumulative blocking effect (Fig. 11C) , making the testing in rodent animal models of pain relevant.
The anti-hyperalgesic approach of P2X3 antagonism with small molecules like A-317491 has been validated in common rodent models of pain, such as the formalin model of persistent pain and the CFA-induced thermal hyperalgesia model (52) and in multiple models of visceral pain (13, 52, 53) . We therefore chose to test 12D4 in the formalin and CFA models and a model of visceral hypersensitivity representative of the hallmarks of irritable bowel syndrome (54) . 12D4 treatment was effective in partially restoring threshold responses compared with control in the visceral hypersensitivity model but failed to show any difference from control treatment in either the formalin model or the CFA model. There may be multiple explanations for why 12D4 did not show efficacy in the models where antagonists such as A-317491 did (52, 55) . Efficacy in the visceral hypersensitivity model confirmed that our choice of 30 mg/kg, 3 days before testing, was a valid dosing approach. The CFA model was dosed 30 mg/kg, 3 days before CFA injection, which was still 5 days before the thermal hypersensitivity testing. This was necessary to confirm that 12D4 dosing did not change the baseline response to the noxious thermal stimulus before the CFAinduced inflammation. It is possible that this additional 2 days was sufficient time to clear 12D4 to sub-efficacious levels. Dosage and timing in the formalin model study was similar to what was done in the visceral hypersensitivity study and therefore not the likely explanation for the lack of effect in this model. Procedural differences from the published models may account for the formalin model results. We used a 0.5% formalin concentration versus the 5% formalin used by Jarvis et al. (52) . Different concentrations of formalin have been suggested to activate different populations of sensory neurons in this model (56) , which could account for the differences from published results. Obviously, further work is required to understand the difference in results published for A-317491 in the formalin and CFA models versus what our results demonstrate. The fact that 12D4 is effective at reversing TNBS-induced visceral hypersensitivity is consistent with assertions that P2X3 antagonism is indicated for clinical chronic visceral pain treatment (13) . An antibody-based approach to visceral pain treatment could provide an alternative to small molecule therapeutics, with a differing profile of dosing and potential side effects. Our data suggest that a humanized version of 12D4 could be a therapeutic for irritable bowel syndrome and other visceral pain indications.
